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ABSTRACT

Two digital computer programs have been
formulated for predicting performance charac-
teristics of centrifugal and axial fans which
may be used to provide lift air for large sur- i
face effect vehicles. Pressure rise and flow %
characteristics of forwardly curved, radial,
and backwardly curved centrifugal fans can be
evalinated. Axial fans having either inlet
flow prerotators or exit flow straighteners
can also he handled in the program. Sample
results are presented to illustrate the method
of calculation and the nature of the results.
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NOMENCIATURE
CENTRIFUGAL FAN (EQUATIONS 1 THROUGH 40)
English
a - Effective radius of interblade circulation, ft
A - Area, ft°
b - Blade height, ft
Cq - Discharge coefficient
d - Diameter, ft
e - Characteristic roughness size, ft
g - Acceleration of gravity, ft/sec2
gc - Gravitational constant, 1lbp-ft/lbg-sec?

k - Loss coefficient

P - Pressure, lbg/ft?

AP - Pressure loss, lbg/:it?2
Q - Volume flow, ft®/sec 1
r - Radius, ft

Ry - Blade height ratio, bl/ba
Rq - Diameter ratio, dl/d2

U - Impeller speed, ft/sec

V - Velocity, ft/sec E

w - Weight flow, 1lb,/sec

W - Weight, 1bg 1

Zz - Number of blades.
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Greek

Blade angle (measured from tangent), degrees

w
1

B. - Preswirl angle, degrees
s

§ - Inlet clearance, ft
n - Efficiency

p - Density, lb /ft®

¥ . Pressure coefficient

AY - Pressure coefficient

@ - Flow coefficient

w - Rotational speed, rad/sec.

il i o

Subscripts and Superscripts

WREWE T2 T L T, |

D - Diffuser
e - Inlet eye
E - Modified Euler line

imp - Impeller
in ~ Inlet

leak - Leakage

R S R

m - Radial condition

max - Maximum

min - Minimum

out - Cutlet

o i SN St i il ¢ B 6
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r - Relative velocity
RC - Recirculation loss
S - Preswirl angle

static - Static conditions

total - Total conditions
5 u - Tangential velocity component
g u’ - Corrected tangential velocity component
E v - Velocity pressure |
t 0 - Impeller inlet |
1 - Impeller blade inlet
2 - Impeller blade outlet
L - Downstream of impeller outlet
© - Theoretical Euler line equation.
AXIAL FAN (EQUATIONS 41 THROUGH 95)

English

A Area, ft? i

¢ - Blade chord, ft

Tp - Drag coefficient
Cy, - Lift coefficient
D - Diameter, ft

g ., - Gravitational constant, lbp-ft/lbg-sec?
j - Number of blade sections

n - Fan speed, rpm
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N - Number of blades

P - Pressure, 1bf/ft2

Q - Airflow rate, ft®/sec

r - Radius, ft

s - Blade pitch (spacing), ft
\V/ - Velocity, ft/sec

X - Diameter ratio, Di/Dtip
Ct/Cp - Lift-to-drag ratio

Dp/Dtip - Hub-to-tip ratio, Xy = Dy/D¢ip -

Greek

o - Angle of attack, degrees

f - Blade angle of impeller, degrees

Y - Angle which relative velocity makes with the plane of
rotation, degrees

8 - Angle which relative velocity makes with the axis of
rotation, degrees

€ - Swirl coefficient

n - Efficiency

@ - Camber angle, degrees

p - Air density, lbm/ft3

o - Soliaity, c/s

# - Flow coefficient

Y - Pressure coefficient

AY - Pressure drop coefficient

wr - Tangential velocity component, ft/sec.
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Subscripts and Superscripts

an -
ax -
D =
des -

duct -

PR =

sec -

st -

th =

tip -

27 -4oh

Annulus

Axial direction
Diffuser

Design condition
Duct

Hub

Blade section
Impeller

Total number of blade sections
Midspan of blade
Zero lift condition
Prerotator

Prefile
Straightener
Secondary

Stall

Total

Theoretical

Blade tip

Optimum ccndition
Impeller inlet condition

Impeller outlet condition.
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INTRODUCTION

Cushion air fan characteristics play an important part in
the speed/range performance, as well as the riding quality of a
curface effect vehicle (SEV). The most desirable fan character-
istic is one having as flat a slope as possible, that is, a small
change in pressure output for a large change in fan output flow
rate at a given fan speed. The flatter the fan characteristic,
the smoother the riding characteristics of the SEV.

At this time, only axial and centrifugal fans appear to
have future application to large SEV craft.! This is due mainly
to their high efficiencies but also to their low-to-moderate
weight and size, and their proven feasibility and reliability.
Centrifugal fans with backwardly curved blades have been used
extensively in the relatively small SEVs that have been built to
date. Axial fans have seen a very limited application on present
SEVs, mainly due to the cost advantage of the simpler centrifugal
fan, which may not be a decisive factor on larger craft.

In this report, digital computer programs are outlined for
predicting fan characteristic curves for centrifugal and axial
fans. One objective of these programs was to provide the fan
performance prediction in a relatively uncomplicated manner sc
as to enhance their usefulness. A reasonably high accuracy can
be achieved with the programs which mainly require only the geo-
metric details of the fan to make the performance prediction.
The centrifugal fan prediction program is based largely on the
work of Osborne? and Shipway.® Additional modifications to
account for nonuniform discharge velocities and recirculation lousses
were added. The centrifugal program will predict fan performance
for a forwardly curved, radial, or backwardly curved centrifugal
fan. The axial fan prediction program was the result of work pre-
sented by Wallis* and Shipway.® The axial program predicts per-
formance for an axial fan having either exit flow straighteners or
inlet flow prerotator using either isolated or cascade airfoil data.

With these programs, it is possible to predict the perfor-
mance of a given axial or centrifugal fan with a reasonable degree
of accuracy. Also, these programs will be used to study the
effects of certain variables on the fan characteristic curve in
order to determine what most significantly afrects the fan char-
acteristic slope.

lSuperscripts refer to similarly numbered ~ntries in the Technical
References at the end of the text.
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A printout of the present centrifugal and axial fan charac-
teristic prediction programs with sample data are shown in
appendixes A and B, respectively. Also, separate nomenclatures
are used for the axial and centrifugal fan, and no attempt has
been made to unify them since the similar expressions can have a
totally different form for the different fans. Appendix C pre-
sents the details of the centrifugal fan weight estimation proce-
dure.

PREDICTION OF CENTRIFUGAL FAN CHARACTERISTICS

The following method outlines a means of predicting centrif-
ugal fan characteristic curves for squirrel-cage-type fans which
are commonly used in SEVs, The prediction method follows similar
methods presented by Osborne® and Shipway® but several modifica-
tions have been made. These modifications include mainly a cor-
rection for nonuniform discharge velocities suggested in Shepherd®
and Wislicenus,” and a recirculation pressure loss proposed by
Galvas.® The characteristic pressure-flow curve is derived in
both dimensional and nondimensional form b; .onsidering the theo-
retical Euler line e&equation and substracting the various losses
from it. %he method requires only the following fan geometry
and system parameters to predict results:

@ Inlet and exit blade diameter.
® TInlet and exit blade heights.
® Inlet and =2xit blade angles.

® 1Inlet eye diameter.

® Number of blades.

e Exit flow area.

e Tip speed.

A comparison of predicted and experimental charanteristics for a
HEBA/B-type centrifugal fan is made, and the effects of varying
this fan geometry on the characteristic curve is studied.

FLOW THROUGH THE CENTRIFUGAL FAN

By conservation of mass for steady incompressible flow, the
inlet flow to the fan will equal the flow out of the fan. How-
ever, the flow through the impeller is usually greater than the
inlet flow because of a leakage flow between the impeiler and

27 -Lou 2




casing which recirculates through the fan and is a function of
the static pressure differential between the impeller inlet and

outlet. Thus, referring to figure 1:

2in = Qout

Qimp = Qin + Qieak = Qout + Qleak - (2)

O

EERBINEE!

out
-— |Qmp 44///A\\\“ b2
—— o

4
o

Figure 1
Geometry of a Centrifugal Fan
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Therefore, in the analysis of the fan and its losses, the impel-
ler should be based on equation (2) while the analysis of the
inlet and outlet should be based on equation (1). It should be
noted that even when Q;, and Qgyt equal zero, Qjpp can be greater
than zero. The method of calculating Qieax Will ge shown later.

EULER LINE

The Euler line describes the maximum theoretical pressure
flow line for the centrifugal fan. It considers the fan to have
an infinite number of blades of infinitesimal thickness so that
the entire airflow through the fan follows the blade contour
exactly, thus producing the maximum pressure rise assuming no
sources of loss are present. Figure 2 shows an cutlet and inlet
velocity diagram for a centrifugal fan impeller.

Item (a) - Outlet Velocity Diagram Ttem (b)

Inlet Velocity Diagram
with Preswirl

FOR ZERO PRESWIRL (Bg=0)
Vrni =V|

Figure 2
Centrifugal Fan Velocity Diagrams

In item (a) of figure 2, the tangential component of the absolute
outlet velocity V, is Vu ,» while the radial component is Vm and
the relative veloc1ty is Vr . The maximum work that can be’done
on the air will be equal to® the energy in the air leaving the
impeller, where, for radial inflow:

_ W
maximum work = P_ Q;n, = v, U, ., (3)

2
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g where W is a weight flow rate of air. 1In terms of pressure rise
rather than energy, equation (3) may be written as:

© 2 2

0
P=§;qu. (4)

Using figure 1 and item (a) of figure 2, the following expression
for Vua is obtained:

Vua =U, - sz cot B,
Q.
_ im
=U, - b, cot B2 , (5a)
where
Q.
imp
Vi = P (5b)
2 ﬂdab2
Thus, the theoretical Euler line equation becomes
p p U, Qj
P, = —U? 2 P cot g, . (6)
9e 9o nd,b,

The calculations carried out in terms of physical variables
may be converted to dimensionless form by the use of two princi-
pal dimensionless variables:

pressure coefficient Y = BIESSure (7)
L.y
9e ]

o7 A0U 5
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f low ‘ 1
flow coefficient ¢ = . (8) ;

3
d2 U,

The pressure coefficient characterizes the dynamic condition of i
the flow and represents the pressure divided by the velocity

pressure corresponding to the impeller tip velocity.® The flow

coefficient expresses the kinematic conditions of the flow and

represents the ratio of the axial velocity of the flow based on

the fan diameter to the tip velocity of the fan impeller.® Hence,

using the above expressions, equation (6) becomes (in nondimen-

sional form):

Y¥,=1 - gimp 92 cot BLl

ﬂb2

—~—~
O
S’

where gimp is based on Qimp of equation (@)

EFFECTS OF A FINITE NUMBER OF BLADES

The Euler line equaticon was derived by assuming the air
exits the fan at exactly the trailing-edge blade angle. However,
this is true only in the case of an infinite number of blades.
This is particularly important fcr the impeller channel of a
centrifugal machine where even for ideal flow (that is, without
friction, turbulence, and separation), effects combine to modify
the expression for the theoretical Euler iine cguation.

One cause of deviation of flow from the thecretical ideal
is interblade circulation. Stodola!® has suggested that it is
the inertia effects of the fluid particles between adjacent
blades of a radial flow impeller that must be considered. Due
to their inertia, some particies tend to retain their orientation
with respect to fixed axes, the result being a circulatory motion
relative toc the channel. This is similar to a container of fluid
whirled with an angular velocity of & at the end of an arm, as
shown in figure 3, where a particle cf fluid, A, tends to remain
stationary. However, relative to a pcint on the container, B,
point A appears to be rotating in a direction opposite but egual
in magnitude to that of tae arm. At any radius "a'" within the
container, the particle has a relative velocity of -aw.

27 -ho4 6
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Figure 3
Interblade Circulation

Assuming that the impeller channel flow behaves similarly and
that this motion is superimposed on the outward flow between the
blades, the effect is to reduce the value of the tangential veloc-
ity vy  to Vu;, where vy’ = vy

. - auw. The effective radius of
the area between the blaaes is difficult to assess, but is gen-

erally taken as half of the perpendicular distance hetween the
blade tangents at the impeller periphery,® that is:

nd_, sin B
a = —a e b

2z ! (10)

where z is the number of blades.

Since,




and

U, . (12)

The net result of interblade circulation is to reduce the theo-
retical pressure based on the theoretical ideal velocity diagram.
However, this reduction of output potential is the result of the
behavior of an ideal fluid and does not represent a loss in terms
of fluid and rotor energies because the impeller is not called
upon to supply this additional energy. The significance of the
interblade circulation correction is that by increasing the number
of fan blades for a given fan, while maintaining constant tip
speed, diameters, and blade angles, higher pressure outputs are
possible since the flow more closely follows the blade profile
angles; thus, the theoretical Euler line equation is more closely
approached since interblade circulation effects are minimized.

The reduction in theoretical Euler pressure due to inter-
blade circulation is expressed by:

APy = LU, aw

9de
= L u? Lgin g, , 13a
2 2
9e
and nondimensionally:
A¥y = T sin B, . (13b)

2

EFFECTS OF NONUNIFORM DISCHARGE VELOCITY

Another effect which causes the fan to deviate from the
theoretical Euler line is that the radial velocity may not be
uniform along the discharge of the impeller. The pressure pro-
duced with a varying ve.ocity is less than that produced with a
uniform discharge velocity giving the same net flow rate. For
a centrifugal fan having a linear variation of velocity acrcss
the depth of the channel, as shown in item (a) of figure 4,
Shepherd® showerd that:

o7 Lol 8
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P U, Qf \ - Vo.min'
APy = s ¥imp ( M max m_min; cot B, , (1ka)
2
and nondimensjonally:
AR W - Vo min)
MY g = imp 2 mgmax Samln cot B, . (14b)
b 12 v
m a m2
1
Item (a) Item (Db) i
Linear Profile Sinusoidal Profile
V,. V"‘Z MAX .
"2 MIN 3
Figure 4

Nonuniform Discharge Velocity Distributions

For the case of a sinusoidal flow distribution, as shown in item
(b) of figure 4, wWislicenus’ showed that:




and nondimensionally:

Bio 4o [ n°
Bpg = 222 | % - 1] cot g, . (15Db)
i)

Equations (15a) and (15b) also hold for a sinusoidal distribution
in the peripheral direction around the impeller and the two
velocity patterns may be superimposed giving a correction’ factor
of [(n®/8)% - 1]. The causes of the nonuniform velocity distri-
bution can be the manner in which the flow is turned from the
axial to the radial direction in the inlet, as well as by real
fluid effects such as friction and separation on the walls of

the disk, shroud, and blades.

The net result of nonuniform discharge velocity is to
reduce the maximum theoretical pressure predicted by the Euler
line equation. However, like interblade circulation, this reduc-
tion in output potential does not represent a loss because the
impeller is not called upon to supply this additional output.
Radial velocity distributions at centrifugal fan outlets, shown
by Brotherhood,!! suggest that both linear and sinusoidal veloc-
ity distributiong combined are generally present.

Although interblade circulation and nonuniform velocity
distribution do not require or expend any energy, they do affect
the fan efficiency since they represent lost potential which
causes the theoretical Euler line to be modified downward. The
modified Euler line equation on which efficiency is based now
becomes:

Pg

P, - APy, - APpq . (16a)

and nondimensionally:

‘-VE = Ym = A‘f'b = Aynd . (161))

Thus, minimizing interblade circulation and nonuniform velocity
distribution effects should improve efficiency, since the theo-
retical Euler line condition will be more closely approached.

o7 Lok 10




IMPELLER LOSS

A loss occurs in the impeller due to separation of the fluid
stream during flow through the blade passage and is defined as:

k. 2

APimp = ¥imp

n |-

£ (vp - v )R (17)

The value of kjp, is between 0.2 and 0.3 for flat plate blades
and on the order of 0.15 for aerofoil section blades.? 3

Zero preswirl has been assumed in the calculations of v,
since APimp is very small at low flow rates and will not affect
the final result, while at high flow rates preswirl is zero.3,?
By considering the inlet and outlet velocity diagrams of figure 2
and putting,

Qimp Qimp

\Y/ S] TEm——— d v = D 1

m, nd, b, L m, = 14,5, (18)
then equation (17) becomes:
k P]
' 2 1 1

AP. = _imp 0O Q- = ) 19a

1mp 2 go "™ lnd b sin g, nd,b, sin B, (192)

and nondimensionally:

2G 2 nb2 RaRy sin B, sin 82

ki Bims d, \ g
v, = fimp [Zimp d, [ 1 L ] . (19Db)

where Ry = dl/d2 and Ry, = bx/bz'
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INLET LOSSES

The inlet loss is divided into two parts. First, air enters
the impeller inlet section,usually through a reducing section,
as shown in figure 1. The airflow must expand from the velocity
at the inlet eye, Vg, to the axial velocity, V,, at the impeller
inlet (or exit of the reducing section) and be turned from axial
to radial flow. The loss associated with the expansion may be
expressed as:

kin
- —t £z (20)
1 2 dc

AP

in

Although the inlet conditions should be based on Qine the calcu-
lations may be simpiified with minimal error by using Qjmp Since
the leakage condition is not known until the outlet condigions
are known. Thus, equation (20) becomes:

A 4x q. 2
MPin, = —L L - : (21a)
gc i e

n

and nondimensionally:

Awinl = ﬂdeg . (Elb)

The value of kinl ranges from 0.2 to 0.5.2 2

A second loss occurs as a result of expansion or contraction
or the air as it enters the blade passages. The loss alsc takes
into account the effect of preswirl. British work™ suggests that
for low flow rate where Vo<Vy , the preswirl angle, Bg, is on the
order of 45 degrees. At higher flow rates, where Vo>vr1, the
preswirl angle is zero. This loss is expressed by:

kin., »p 2
P. = —& — (Vs = V R
A in, 2 9 (Vo r‘) (22)

27 4oy 12




where kin_ lies between 0.5 and 0.8.2,® By substituting,

I* Q;
v, = 2 Qimp (23)
rrd1

and from the inlet velocity diagram of item (b), figure 2,

Ve, = (vm“ + (U - Vp, tan Bs)? . (24)

1

Thus, equati .o (22) becomes:

K :
APip =AMz 0 |H Qimp _ [y ? 4 (U, -v, tan Bg)? .
in, m, 1 m s
2 gg | n4,2
(25a)

In nondimensional form, this becomes:

kina 4 ¢imp
2 Rd2 i

A‘*'ina =

d . 3 od, . tan
[ (22 Zimp (1 + tan® Bg) - —= 2B ’s 4 Ry® | -
RgRp nb2 anb2

(25b)

The definitions of Ry, Rp, Av, and g, ., equation (18), and
various relationships obtained from the inlgt velocity diagram

(item (b), figure 2) must be substituted into equation (25a) in 4
order to obtain equation (25b). |

27 40U 13




LEAKAGE FLOW

Internal flow leakage occurs primarily between the impeller
inlet and the casing inlet as shown in figure 1. Also, a leakage
may occur around the drive shaft where it enters the casing, but
this is far less serious than the inlet leakage and is not con-
sidered. The leakage volume that flows back into the inlet from
the impeller exit area may be treated as flow through an orifice,
that is, the leakage volume may be written:

2p R
- static “c
Qleak = Cq ™d, GJ ' (26a)
)

where Cq is a discharge coefficient on the order of 0.6,° Pstatic
is the static pressure increase across the fan impeller, and §

is the clearance between impeller and casing. Written nondimen-
sionally:

d,
Preax = Ca ra 6‘vewstatic 0 (26b)

where Y¥static = Pstatic/(0/9¢c) U:. In general, the static pres-
sure difference (Pg) is nearly equal to the fan total pressure
(Ptotal), due to the static depression caused by the inlet veloc-
ity pressure and, thus, Ptotal may be used in place of Pgtatic
without significant error.

For the case of Qqut = O, a static pressure difference
exists across the fan impeller. Thus, a leakage flow exists,
and there is a flow through the impeller, Qimp = Qjeaks €ven
though the flow downstream is zero.

RECIRCULATION LOSS

The recirculacrion pressure loss is due to the leakage flow
reentering the intake and causing addi. ‘onal work to be done to
overcome dissipation, turning, and mixi: 1 lusses., Osborne?® and
Shipway® do not consider a recirculation loss, although Galvas®
does consider a somewhat similar loss. The recirculation loss
appeared to be best expressed as a function of the leakage flow
velocity where:

27 40k 14




_ 1 p [9leak)?
*Pre = Kleak * 3 g (rdl"g ' (27)

where k.., appears to lie between 0.2 and 0.5 based on recalcu-
lating data presented by Shipway® used to ccmpare to experimental
data. Substituting equation (26a) in (27) yields:

-
Kleak €4d° Pstatic - (28a)

I

APgrec

and nondimensionally:

s 2
A¥pc = Kjeak €4 Ystatic (28Db)

OUTLET LOSSES

There is almost always an increase of flow area from the
blade passage to the volute casing which may range up to 2 1/2
times. Thus, there is a tendency for retardation of flow
velocity with resultant eddy formation. This is expressed as
an expansion-type loss by:

1 2
APyut = Kout > g_p [V, - v,J° . (29)
c

The coefficient Kout will vary with deviation from design condi-
tions, but at maximum efficiency it is probably on the order of
0.4.2, 2 Also,

V. = Qout /30)

\

where V, is the average velocity at some measuring station of

area, A,, which may be at the volute casing exit. If Vv, is mea-
sured close to the fan outlet, the case where V, = Vz' is obtained,
and hence APout = O. From the outlet velocity diagrams, item (a)
of figure 2 and fiqure 3%, the following is obtained:

7 -Lob 15




1 2 3

f Q4 U Q;
' _ _*imp _ e : imp
v, = B = cot B, T sin B, + 7d_b, 3 (31)

272

Written nondimensionally, equation (29) becomes:

b Lo

I many present SEV installations, the centrifugal fan is
mounted directly in a large plenum rather than a volute. No
attempt is made to recover the tangential component of velocity,
such as by mounting exit turning vanes. 1In this case, the outlet
pressure loss is due entirely to the dissipation of the tangen-
tial component of velocityl!? and is stated as:

\AL)
o) u
8Pout = 52__53 ’ (332)
or nondimensionally:
VI ]
1 u,
b¥out = E ” ’ (33b)

where V] is obtained from equation (12).
2
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EFFICIENCY

The efficiency of a fan is generally defined as the ratio
of useful output power to the required input power to the impel-
ler. The input power to the impeller is equal to the product of
the impeller volume flow rate and the modified Euler line pres-
sure of equations (17) or (18). Thus,

input power = Qimp* Pgp . (3“3)
or nondimensionally,
input power = ¢imp* Yp o . (34p)

The outlet power 's equal to the product of the outlev pressure
times the outlet volume flow rate. The outlet vclume flow rate
is equal to the impeller volume flow rate minus the leakage flow
rate, which flows back toward the fan inlet and is calculated
from equations (26a) or (26b). The outlet pressure may be based
cn either the total or static pressure conditions. The total
pressure condition is obtained from:

PE - AP, - AP, - AP, - AP

Ptotal = imp in, in rc ~ Pout ¢ (35a)

and nondimensionally:

Ytotal - YE - AYimP - AYin1 B A‘fina - O¥pe - ¥4t - (35b)

T} static pressure condition is oktained from:

P = P - APy , (36a)

static total

or

nY (36b)

Ystatic = Ytotal =

27 -404 17
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where AP, and Av, represent velocity pressure and

p
APy = e v;’ (if static and total pr ‘ssure

2 9. are measured at fa. exit),

(37a)

or

2

AP, = l._i Vg (if static and total pressure are
2 9o

v
measured downstream of fan);
(37b)
and nondimensionally:
7 N\ -
v, \*
aY, = —[-= (if static and total pressure
2 \y, are measured at fan exit),
(38a)
or
AV . .
aY, = — — (if static and total pressure are
Uz measured downstream of fan).
(38b)
The fan total efficiency may now be expressed as:
n _ Ptotal Qimp - Qleak - Ytotal gimp - gleak
total ~ ) - :
Pg Qimp YE gimp
(392)

The static efficiency is expressed by:

n Pstatic Qimp - Qeax Ystatic ¢imp i ﬁ1eak
static ) = . :
PE Qimp YE gimp

(39v)
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The efficiency of an impeller and volute (or diffuser) will
always be less than that of just the impeller. The difference
will be determined by the efficiency of the volute, Np. where

= Pg - APout _ Y ~ AYou: (40)

Pp Yg

In some cases, fan characteristics which are presented by manu-
facturers are based on measurements at the exit of the fan
diffuser or volute. However, efficiencies quoted with these
fan characteristics often do not include the outlet loss and
represent only the higher fan impeller efficiency. Thus, when
comparing experimental and predicted data it is important to
know how the experimental data were obtained.

COMPARISON OF EXPERIMENTAL AND PREDICTED RESULTS

The fan characteristic prediction program was used to pre-
dict experimental performance for a 60-inch outside diameter (OD)
backwardly-curved, airfoil-bladed, HEBA/B centrifugal fan. The
results are shown in figure 5 along with all the losses. Agree-
ment between experimental and predicted value is quite good, but
this depends to some extent on the selection of loss coefficients
which requires either experience or experimental background to
make proper selections. For the present case, the following loss
coefficients were used:

Kimp = 0.15
Kin, = 0.28
Kin, = 0.7
Kieax = 0-3
kout = O.4.
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Also, the following physical variables describe the HEBA/B cen-
trifugal fan system:
E Veip = 233 ft/st
1 d, = 3.46 ft
d, = 5.00 ft
b, = 1.62 ft
b, = 1.18 ft
B, = 25 degrees ?
B, = 50 degrees ;
z = 12 blades
? A, = 21 ft® (volute exit)
de = 0.9% d,
Cq = 0.6
o = 1/16 inch per foot of inside

diameter (ID).

A sinusoidal nonuniform discharge velocity is assumed to be
occurring at the impeller outlet since this helps simplify the
calculations and does not appear to offer any significant error
in results over assuming a linear profile or combination.

Of particular interest for SEVs is having a fan with as
flat a characteristic as possible, that is, having a large change
of flow rate for a small pressure change at a given fan speed,
To see what effect the different variables have on the fan char-
acteristic curve, most of the above variables for the HEBA/B
centrifugal fan were varied above and below the actual values in
the prediction program. Items (a) through (h) of figure 6 show
the results where one variable at a time was varied with the
resultant static pressure and efficiency being plotted against
the ocutlet airflow rate.

TAbbreviations used in this text are from the GPO Style Manual,
1973, unless otherwise noted.
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Included in the figures is an
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a significantly flatter char- 60

acteristic resulted, although
peak efficiency was reduced
compared to the original fan.
The fan static efficiency and
pressure are both determined
at the fan volute exit. Vari-
ation of the other parameters
in items (b) through (h) did
not significantly affect the
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Increasing the fan blade height Figure 7 :
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pressure and a slightly more
favorable slope without signi-
ficantly affecting peak effi-
ciency.

LIMITATIONS ON CENTRIFUGAL FAN PREDICTION PROGRAM

It has been found that size affects efficiency when geomet-
rically similar fans of different size are compared.!® Increas-
ing the fan diameter for a family of similar fans will cause the
fan efficiency to increase due to a decrease in relative rough-
ness (e/d), where e = characteristic roughness size. The
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characteristic roughness remains more or less constant in manu-
facturing processes so that relative roughness (e/d) varies
inversely as the fan diameter. The degree of modification for
size effects is small compared to the accuracy limits of the
above method and has been omitted to simplify the calculations.

Increasing the number of fan blades in the above program
has the effect of improving output flow and pressure as well as
efficiency, since interblade circulaticn effects are minimized
to provide a higher modified Euler line. To avoid designs having
too many or too few blades, the pitch-to-chord ratio of the fan
is generally maintained between 0.5 and 1.5.14

AXIAL FAN CHARACTERISTICS PREDICTION

The method of predicting axial flow lift fan characteristic
curves was based on work by Wallis4 and Shipway.® Using this
method, axial fans could be designed with either prerotator or
straightener vanes, as is usual with surface effect vehicles.
The program requires the basic geometry of the fan and the
characteristics of the desired airfoil blade to be used. Both
isolated airfoil and cascade data can be used in the program,
depending on the solidity value calculated for the fan.

The method for predicting axial fan characteristics is
essentially divided into three sections:

® Preliminary design
¢ Detailed design
® Off-design characteristics.

In the preliminary design, the fan efficiency and other variables
based on given flow, pressure, and geometry are estimated. The
detail design will specify the geometric details, such as inlet
and exit angles of the fan blade and the prerotator or straight-
ener blades. The off-design characteristics predict the varia-
tion of fan pressure and efficiency with flow rate for a given
fan speed.
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PRELIMINARY DESIGN

The preliminary design is necessary to calculate and esti-
mate some of the variables that will be needed in the later
detailed design. The preliminary design estimates the total fan
efficiency based on the following input design variables:

® Total pressure, Prdes

[ ] Flow, Qdes
e Outside (or tip) diameter, Dy,

e Inside (or hub) diameter, Dy, or hub-to-tip
ratio, Xy

e Tip speed, Vijp, or fan r/min, n.

Various combinations of the above variables can be tried at this
point to determine the optimum fan design dictated normally by
the highest efficiency. At the end of the preliminary design,
the basic physical dimensions have been determined and a more
refined design will be performed to detail the aerodynamic
design of the fan.

The preliminary design procedure requires the five input
variables above and proceeds to calculate total fan efficiency
for a fan having one of two options:

® Prerotators (or inlet guide vanes)

e Straighteners (or exit guide vanes).

If prerotators are used, the case is denoted by having the

straightener swirl coefficient equal to zero (eg = 0). If
straighteners are used, then the prerotator swirl coefficient
is zexo (e, = 0). The swirl coefficient represents the ratio of

the tangengial velocity component to the axial velocity component
at a given radius. The design method used does not cover the
case of using both prerotators and straighteners at the same
time.

The axial velocity through the fan for a given flow is cal-
culated by:




0
Vax = Dti?) ' (41)
= TR

E where Xy = DH/Dtip- The flow coefficient at the blade tip is
. determined by:

: Q
3 Brip = ST (h2a)
3 tip "tip
1 at the hub,
XH
and at the midspan of the blade, ?
By ; 2 g, ; 5
¢ t1 ta -
g = p__ _ P (42c) 3
Dy + Dtip hsh Ky . ]
2 Diip ]

The conditions at the tip, hub, and midspan of the blade, in
general, represent the extremes and average conditions associa-
ted with the fan. Thus, conditions at these three sections are

important and each is required to be known to assure a proper
axial fan design.

The theoretical total pressure coefficient is calculated
in dimensionless terms by:

AT T U

il i e 4 W S R N

27 -404 29

PERAEASH

N i




For the fan design, it has been assumed that the total prescure
rise and the axial velocity component remains constant along the
blade length and that there is no radial component of flow.
These assumptions fulfill the requirement for the free vortex
flow that the fan design is based on.

The impeller swirl coefficient, which is defined as the

ratio of the tangential-to-axial velocity component, is obtained
frOm:4:5

2
s - ¢ Veip v, @ (44a)
Mptip — 5 th “Rip
T Vax® Np (1 - Xg?)

2
R L s
1MpPm 1MPtip (1 + Xg) : ( )
&l
1MPtip
Cimpy = -——35;—— ) (L44c)

where np is the total fan efficiency and is assumed to be 0.8
for initial calculations. The swirl coefficient is an important
variable in that it represents a measure of the torgue of the

impeller, in this case, and will be used in many subsequent
eguations.

The product of lift coefficient (Cp) and solidity (o = C/S)
at a section on the blade is given bv:4

(Cro) = 2 ¢

imp sin Yimp ’ (45)

where i is the angle between the resultant velocity through
the fan impeller and the plane of rotation and is expressed by:4
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wl Lg (if straighteners 1

Yimp = tan .
P m(l - Xg?) - 2 €imp @ are used, €p = 0) ,
(L6a)
cr
Y = taa™t Lg (if prerotators
imp n(1 xX.2\ 2 ¢, @ are used, ¢_ = 0) .
O imp s
(46b)

Figures 8 and 9 show the geometric and velocity vector details
of the blades which are used for the above and following equa-
tions. If equation (45) is to be solved at the hub, the appro-
priate values of @y, €impy, and Yigpy at the hub must be used in
the equations. Likewise, if the value at the midspan is desired,
the values of &,, €imp., and Yimpy Must be used. In equations
to follow, the subscript 'H' means values at the hub and the
subscript 'm' means values at the midspan.

AXIS OF
ROTATION
6= CAMBER ANGLE
-C
7%
|
6 21Tr
’ S:
¢ N
/ PLANE OF
s —o \¢ ROTATION

Figure 8
Geometric Details of Blades
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With increasing static pressure rise across the fan impeller,
there is a sharp increase in drag just prior to blade stalling.
Maximum efficiency or optimum conditions should occur just before
this rapid increase occurs. The following relationships* express
the optimum lift coefficient (Cy¥*):

71 - %)\ 2 1.375
1 + —_—_TEfj___
CL*=2 _ 2< ’4 R > 2 (if€ =O),
: +(n(l Xg?) + €imp ¢> s
by
- " (47a)
or
. +<ﬂ(1 - XHQ) -4 €imp ¢>2 1.378
CL* = 2 ug (lf ep = O).
(TT(]. - XH=)>:
- r i - (M7b)

The solidity at any blade section may then be obtained by divid-
ing equation (45) by (47). Thus,

o - CLG\ : (48)
CL*/

The value of 0 at the blade hub should be checked to assure that
it is within the design limits of oy < 1.5. If oy exceeds 1.5,
the preliminary design input variables should be changed (i.e.,
increasing Vijp and/or Xy will decrease op) and the calculations
up to this point repeated.

The profile, secondary, and annulus losses associated with

the impeller can now be calculated. The values are obtained at
the midspan of the blade since they should represent the mean
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loss for the impeller as a whole. The loss of efficiency due to
profile drag4,® is:

M’impPR _ CDPR ] 4 (}49)
Yeh Cy, sin? Yimp T(1l - Xg2) ¢

where yjpp, is obtained from equation (46) and Cppgp is the pro-
file drag coefficient. The loss of efficiency due to secondary
losses is obtained by:4 ©

Mimpsec  CDsec /) 4 (50)
L sin® Ying m(l - Xg?)
where CDs is the secondary drag coefficient. Combining equa-
tions (497 and (50) yields:
Y. + AV C +
Bimppp * ¥impge, _ Dpr “Dsec . g . 4
Yen Cy, sin3 Yimp (1l - Xg°)
(51)

Shipway® suggests that for this case the value of lift .to-drag
ratio can be set as constant for preliminary evaluation as,

CL

T C
Dpr  Dge

3 = 20.5 . (52)

<

The magnitude of the annulus drag loss was assumed by Wallis*
not to vary greatly from fan to fan and hence he suggests:
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Ayimpan

= 0.02 (for aerofoil-shaped blades)
Yeh

= 0.03 (for constant thickaess plate blades) .

(53)
The fan impeller efficiency can then be determined by adding
equations (51) and (53) or,
A‘yimpPR N A‘fimpsec A‘yimpan (54)
n'm = . 5
S Yth ¥th ¥th

The loss in efficiency caused by prerotator or straightener
vane pressure drop must be determined. If straighteners only
are used,*

i
o

€s = eipmp and ey (55)

and also*

*
A¥g Cpg* & 4

(for 0.5 =< ¢4 < 1.0),

Yh B (2.18 - 1.&3 es) sin? s ) ﬂ’(l & XHB)

(56a)

(56p)

(57)




The straightener and prerotator pressure loss are both calculated
at the midspan of the blade. CDs is the straightener drag coef-

E ficient. It is made up of the sum of the profile and secondary
? drag coefficients for the straightener blade. Wallis%4 recommends
E the following drag coefficients be used:
i CDg = Dg_pg * “Ds_sec (58a)
CDS-PR = 0.016 |, (381.:)
; = @.018 e="2

CDe _sec 0.015 CLs . (58¢)

The optimum lift coefficient used in equation (58c) is obtainec
from:*

Cr* = 2 : (59)
: (m -xH'e))"’ J
1 +
48
If only prerotators are used then,*®
€p = €imp and €5 = 0, ( 60)

and also,*

ay, Cp * @
P. _P : 2 (for 0.7 s €, < 1.5) ,
Yen  sin® vy m(1l - Xg?) (61a)




or

where

Yp = cot'l(fzﬁ> s (62)

The prerotator drag coefficient Cp_ is calculated exactly as in

equation (58). The optimum lift coefficient of equation (58c)
now becomes,*

I : ( (1 - X®) >a =S

) n(l - Xg2) + 4 epd \ | ({3}
1 5h L

The clearance losses can be avoided with proper sealing of the
straightener or prerotator blades to the casing. Thus, the

annulus drag component need not be considered since it will be
small.

The pressure loss associated with the diffusion process
can be obtained by assuming the diffusion efficiency. Provided
flow separation is avoided, diffuser efficiencies of np = 0.8
are obtainable and will be assumed in the calculations. For
an annular-type diffuser, as shown in figure 10, in which 6p =
3°, the diffusion pressure loss coefficient (AyD) is,*

2 2
A; Np V
AYp = (1 - mg) {1 - =ZB PR (64)
D D A o v 2
duct tip
where
Aimp = Impeller annulus area

Aguct= Diffuser outlet or duct area.

27 -404 37




FAN -
IMPELLER DIFFUSER —T—DUCT

Aimp.5p ApucTt

Figure 10
Annular Diffuser

If the duct diameter of the fan unit remains constant, the loss
coefficient becomes,*

2

a¥y = (1 - np) [XHQ (2 - XHZ)] . 0r Tax (65)
2 Vtipz

The efficiency loss associated with the diffusion is obtained by
dividing equation (64) or (65) by (43).

The fan total efficiency may now be determined from:

AY AY AY

NMm = N, - i S or —£

T imp ~ U v y . ( 66)
“th th th

If the np calculated in equation (66) differs by more than ~5%
from the value of np, assumed initially in equation (44), repeat
the calculation substituting the new value of n; in equation (44)
and repeating all calculations up to this point. 1If the ng cal-
culated is within 5% of the Ny assumed, then the initial design
assumptions are reasonable and design calculations may continue.
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DETAILED DESIGN

At this point, the preliminary fan design is completed and
the detailed fan design will be undertaken. Two design methods
are available, the isolated airfoil method or the cascade design
method. For solidity values below 0.7, the isolated airfoil data
are used, while for solidity above 1.0 the cascade data are used.
In between, either method may be used. Wallis® also recommends
that the straighteners or prerotators be designed by the cascade
method only. For the design of all blade elements, free vortex
flow is assumed, that is, constant axial velocity along the
blades.

In designing the impeller blading, an airfoil section must
be chosen such as one of the NACA profiles. 1In the detailed
design, only the lift coefficient (C;) and the angle of attack
(a) for the design point are required. When the detailed design
is completed, the complete airfoil section characteristic data
will be needed to calculate off-design performance.

PREROTATOR DESIGN

If prerotators are used, their design must be determined
before the impeller design can be finalized. To define the
blade shape, it is divided into an even number of segments of
equal length. An even number of segments will also provide
specifications of the blade at a midspan location which is
required for the off-design characteristics. Thus,

D; =Dy + (Dtip.— i E b (67)

]
i=0

where j is an even number of blade sections and i denotes the
diameter location from the hub to the tip of the blade. The
ratio of section-to-tip diameter is expressed by:

D .
1
X{ =

T (for i = 0 to j) . (68)
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Likewise, the flow coefficient at each section diameter is
expressed by:

g; = B (for i = 0 to j) . (69)

X3

The prerctator swirl coefficient is then

€.
impy

€p; = _MPtip (for i = 0 to j) , (70)
X3

and the relative velocity of the flow coming off the prerotator
is at an angle (ép) with respoct to the axis of rotation, defined

by: .

épi = tan™t (epi) (for i = 0 to j) . (71)

The solidity at each section for the prerotator is determined
by:*

Op; = (for ep, < 0.7) . (72a)

e
£,
and

2 ®p; sin yp.

Opy = e & (for 0.7 = epi < 159) & (72b)

and wallis* assumes that with prerotators, Cy, = ¢ satisfies most
cases.

The camber angle (see figure 8) ot the prerotator blade at
each section is obtained from:*

5
Pi . :
%p; = 1T 5.2/0p, (for i = 0 to j) . (73)
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The blade chord is equal to,

Cpi = —7;——— : (74)

where N, is the number of prerotator blades. 1In general, it is

recommended that the number of prerotatcr or straightener blades
be greater than the number of impeller blades.5,1% Stricker and
Shank!® recommend that the number of straightener or prerotator

blades be two more than the number of impeller blades for opti-

mized noise considerations.

N, =N_=N. +2,. (7%)

In order to facilitate manufacturing of the prerotator
blades, the blade chord and/or the blade camber angle may be
kept constant. The values of Cp and ep would be set at the
values calculated for the midspan and new cpi, fn.., and e

coefficients must be calculated by using equations (74), ?%3),
and (71), respectively.

IMPELLER DESIGN

The impeller design will depend on whether prerotators or
straighteners are used. The impeller blade is broken into sec-
tions along its diameter equal to those used for the prerotator
or straightener section. Thus, equations (67), (68), and (69)
apply for calculating D;, Xj, and @;, respectively. If no pre-
rotators are used, then €pi equals zero for the design point on
the impeller. However, if prerotators only are used, €s; equals
zero at the design point unless the prerotator blades were modi-
fied to have constant Cp and/or fp to facilitate manufacturing.
In this case, there may be a swirl component coming off the
blade at the design point and thus eg; # O. The swirl coeffi-
cient calculated for the modified prerotator must be subtracted
from,

€.
imp, 4
(es + ep), = ——— , (76)

Xy
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in order to determine €g;. If the prerotator blade has not been
modified, €54 equals zero at the design point.

The product of lift coefficient (Cp) and solidity (0jmp;)
can be expressed by,*

CL %imp; = 2 (eg + €p)i sin Yimp; - (77)

where yjng is shown in figure 9 and determined by,*

- Lg;
Yimp; = tan [ﬂ(l - Xg?) -2 (eg - ep); ¢i] . ik

At this point, the lift coefficient (Cy) is selected from the
characteristic of the airfoil to be used. The angle of attack
(a) at which it occurs is also noted. Then, dividing equation
(77) by the value of Cj, selected, the solidity (Ojmpj) is deter-
mined. The blade chord ic then obtained by,

nDi 0impi

Cimpj = ———Ez;;r-—- . (79)

If the number of impeller blades (N1m ) is not specific, it may
be approximated from the hub-to-tip ratlo (Xg) given by,16

6Xy

The blade angle (8;) is determined by,

Bi = (Yimp; + @) (81)
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STRAIGHTENER DESIGN

If the design includes the straighteners only, ttren ¢
and thus,

eimptip
Si = Xi .

g

The solidity is obtained from:4

‘

Osy = (for eg; < 0.5) ,

AU RV

or

2 €.. sin
Si Ys3

Cals = for€->0.5 .
(218 - 1.3 ¢y ) (for fsq )

The camper angle of the blade is determined from:*

Gsi
esl == i ’
1 - 0.26 o
8%
where
bs; = tan™ (eg.) .
The straightener blade chord is
m
o D, Og;
S- - 14
i N,
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where Ng is the number of straightener blades as defined in
equation (75). As before, the values of Cg and/or 6g can be
kept constant at their midspan value to facilitate manufacturing.
However, new og;, 6s;j, and eg; values must be determined from

equations {86), (84), and (85), respectively.
OFF -DESIGN PERFORMANCE PREDICTION

The off-design performance details the pressure-flow charac-
teristics of the fan at a given speed for other than the design
flow condition. The basic assumption of the off-design theory is
that conditions at the midspan of the blades are representative
of the fan as a whole. Depending on the solidity values calcula-
ted earlier, it will be known whether isolated or cascade airfoil
data should be used. The data reguirad from the selected blade
characteristic are the angle of attack (¢) and the corresponding
lift coefficient (Cp), and lift-to-drag ratio (Cr/Cp). Several
angles of attack on both sides of the design point should be
selected to describe fully the fan characteristic curve.

The angle between the mean relative velocity to the impeller

and the plane of rotation (Yimp) is defined by:

Yimp = (By - @) . (37)

1

The angle is then used to calculate the swirl coefficients,*4

T ) CL Oimp . cot Yipn 83
€ € R T o ————————— a
s p 2 sin Yimp (CL/CD) J ( )

The value of e¢; or ¢, is obtained from the detailed design sec-
tion for the midspan of the straightener or prerotator, depending
on which is used. If straighteners are used, the value of ep is
assumed to equal zero which means no preswirl is occurring prior to
the impeller, which greatly simplifies the math involved without
significantly affecting the results.4 However, if prerotators

are used, eg can be nonzero due to the swirl component coming

off the impeller blades at off-design flows. This can easily

be determined since ¢, would already be known. Thus, the flow
coefficient can now be calculated at midspan from,*

27 -L4ok 1y




ﬁm - tan Yimp . (89)
[1 + 0.5% (eg - €p) tan Yimp]

The theoretical pressure coefficient will be,

Yen = : : (90)

The fan system total efficiency can now be expressed by,*®

np = 0.98 - P - ¥ -
- , c 55.5
1N Yimp | (ZL) 4 cot Y. + cot Y,
Cp imp Cy, imp
¥ Ys
- £ for —= , (91)
Yen Yin
where
¥ ¢ ¢
?2_.= prerotator loss ingh <€ +p ). 52-
th S Yp\*p 7 ©s L
(92a)
or
¥ C
—=. = straightener loss = ———EEL—- 8 s (92b)
Yth sin? Ys S
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The flow through the fan is calculated by,

m Dtip2
Q= —F (1 - %) Veip ¥y By (93)
é The total pressure of the fan is,
P
Ph= — V.. 2 ¥
T .
gc tlp th
(9%)
The horsepower required to operate the fan is
Pn*Q
HE = ey (95)
55¢ Np

COMPARISON OF PREDICTFD RESULTS

Several sanple calculations were performed with the axial
fan characteristic program that has just been summarized. The
base preliminary design data were:

Dyip = 4.5 ft
Dhyp = 2.25 ft
Veip = U400 ft/sec

PTdes = 36.0 1b/ft2

Oges = 1250 ft2/sec.
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For the above data, the fan characteristics were predicted for
the case with prerotators and with straighteners, as shown in
figure 11. The figure shows that with prerotators, a flatter
characteristic curve is obtained which is desirable for SEVs.
However, its peak efficiency is lower that for the case with
straighteners. These data were determined from the characteris-
tics of a RAF 6E blade section such as shown in figure 12.
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Figure 11
Comparison of Similar Fan Designs with
Prerotators and with Straighteners
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To determine the effect of blade characteristics on the
resultant pressure-flow characteristics, a NACA blade profile
whose data are shown in figure 1% was used for the same base
preliminary design data as the RAF 6E section. Items (a) and
(b) of figure 14 show the comparative results for the two blade
profiles with prerotators and with straighteners, respectively.
The difference between the predicted results for the two blade
profiles is significant. The NACA 65 series profile provides
the flatter, more desirable pressure-flow characteristic for
SEV use. However, its peak efficiency is slightly lower.

In the selection of the most suitable airfoil section for
the impeller, three main properties of the section are important
to examine.

@ Cp, - The 1lift coefficient determines both the solid-
ity of the impeller and the slope of the pressure-flow charac-
teristic. High values of Cp are advantageous in providing both
low solidity and low slope.

® C;/Cp - The lift-to-drag ratio tends to give high
efficiencies for high values of the ratio.

® Ogy = (o = The difference in angle of attack between
stall and zero lift tend to yield increased operating range and
reduced characteristic slope at high values of the difference.

The effects of fan diameter on the fan characteristics are
shown in items (a) and (b) of figure 15 for an axial fan with
prerotators and with straighteners, respectively. 1Increasing
the tip diameter (or decreasing the hub-to-tip ratio) will
decrease the slope of the fan characteristic and also lower peak
fan total efficiency. The figures also include an estimate of
how the basic axial fan weight will vary for the change in vari.
ables compared to the base fan design of curve 2. The axial fan
weight rational was obtained from reference 1.

LIMITATICNS OF THE AXIAL FAN PREDICTION PROGRAM

In the axial fan prediction program, the number of impeller
blndes does not affect the fan performance other than to increase
or decrease chord length. This is not absolutely true and exper-
ience must be relied on not to choose too many or too few blades.
This program is intended to be used in the range of inc-mpres-
sible flow for an axial fan having either straighteners or pre-
rotators, but not both.

27 40l 49




| | | 1 I
80 1.6 =
70+ 14} —
60} 1.3} o
)
o o \CL
~ -
g 50F & Lo -
- uw
o o
= i
g | u
© 40 S o8 — _
3 - ]
w i
2 = 1
; 3
{_; 30 06} -
-~ ]
:
10} 0.2} <t
ol 0 1 | | L 1
-5 0 5 10 15 20

ANGLE OF ATTACK, a,DEGREES

Figure 13
Characteristics of NACA 65-(12)10 Section

27 LCh 50




Item (a)
Comparison of Two Blade Profiles with Prerotators
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Item (b)
Comparison of Two Blade Profiles with Straighteners
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Figure 14
Effects of Blade Profile on Axial Fan Performance
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Item (a) i
Effects of Tip Diameter and Prerotators
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The axial fan prediction program was not compared directly
with experimental data due to the lack of suitable data for com-
parison., Suitable experimental data require knowing what blade
profile section was used, a fact which is not included in any
obtainable experimental data to date. Shipway® claims success
in applying a very similar design method to an actual fan design.

CONCLUSIONS

The fan characteristic programs provide a relatively uncom-
plicated means of predicting centrifugal and axial fan performance.
With these programs, such things as the effects of design changes
on the performance and efficiency can be evaluated. On the basis
of using these programs, the following general conclusions were
drawn:

e Any modification to a fan which results in a flatter
fan characteristic slope also tends to cause some reduction in
peak fan-system efficiency.

® A significantly flatter fan characteristic slope
for a centrifugal fan with backwardly curved blades can be
obtained by allowing the fan inside diameter to approach the
outside fan diameter, thus resulting in a narrower fan blade.

® An axial fan with straightener vanes is more effi-
cient than a similar fan with prerotator vanes. However, an
axial fan with prerotator vanes has a flatter fan characteristic
slope than a similar fan with straightener vanes.

® The selection of the axial fan blade profile or
blade characteristics can have a significant effect on the
resulting fan characteristic slope.

® Decreasing axial fan hub-to-tip ratio or increasing
tip diameter will cause a much flatter fan characteristic slope
for similar conditions.

RECOMMENDAT IONS
® The prediction programs should be compared against
any suitable experimental data that can be obtained in order to

evaluate the programs more completely and to understand the
selection of suitable design variables for various cases.
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® The effects of various parameters and combinations
the “ecf on the fan characteristic slope require more study.

® The effect of the number of fan blades on the per-
formance nf the fans should be evaluated separately in the pro-
grams. Th * may perhaps be done best by expressing it as a
frictiona: -pe of loss.
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APPENDIX C
CENTRIFUGAL FAN WEIGHT ESTIMATE

NOMENCIATURE

b; - Inside blade height, ft

b, - Outside blade height, ft

d; - Inside fan diameter, ft

dg - Outside fan diameter, ft

dyg - Hub diameter, ft

hy - Hub height, ft

o - Base plate thickness, ft

= - Upper shroud thickness, ft
S ot - Average blade thickness, ft

w, - Base plate weight, 1b

W, - Upper shroud weight, 1b

W, - Blade weight, 1b

w, - Hub weight, 1b

Wer - Centrifugal fan weight, 1b
z - Number of blades

Bi - Inlet blade angle, degrees
Bo - Outlet blade angle, degrees |
0 - Fan material density, lb,/ft®
1 - Base plate

2 - Upper shroud

3 - Fan blades

4 - Hub.

27 404 c-1




The centrifugal fan weight is composed of four main parts
as shown in figure 1-C.

Z:NO. OF BLADES

Figure 1-C
Centrifugal Fan Basic Geometry

The base plate weight:

mdgo®

W, = Pt, (1)
4
The upper shroud 'reight:
3 1/2
d:. +d d, - d;
Wy = mor, (oo ) (Te T ) 4 (b - b)e
4 2
(2)

a7 -4ouy c-2




The blade weight:

The hub weight:

The basic centrifugal fan
(1) through (4). Thus,

Yer

=W, +W, +W, +W, . (

(3)

nd, =
H
phy, A g (4)

weight is obtained by adding equations

T
~—r
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